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INTRODUCTION
Intertidal zones may accommodate large densities
of benthic invertebrates (Ysebaert et al. 2003). How-
ever, the strong hydrodynamic forces, temperature
fluctuations and desiccation result in few species
specialized to cope with such stress (e.g. Elliott &
Quintino 2007). In the intertidal landscape, gradients
in secondary production and macrofauna community
composition may coincide with gradients in large-
scale hydrodynamics (e.g. Van Colen et al. 2010).
At the mesoscale, bedforms can develop through
interaction with hydrodynamic forces. A large
number of field and flume studies (see e.g. Reineck
& Singh 1980) have shown that at low current ve -
locities (subcritical flow), a flat (lower-stage) plane
with  limited sediment movement (except for micro -
scale ripples) is established. With increasing flow
velocity, the bed is transformed into flow-transverse
two-dimensional (2D) or three-dimensional (3D)
meso scale bedforms. These bedforms, with wave-
lengths of 0.6 to 20 m and wave heights of 0.06 to
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ABSTRACT: Migrating flow-transverse mesoscale intertidal bedforms (megaripples or dunes)
may pose disturbance but may also provide heterogeneity in microhabitats to the inhabiting
fauna. We investigated how the macrofauna community responds to these migrating intertidal
bedforms, based on surveys in the Westerschelde estuary. Considering the entire estuary, low-
and high-energy intertidal areas differed in macrofauna, and high-energy flat areas had a
macrofauna community intermediate to those in low-energy flat areas and high-energy areas
with megaripples. In megaripple areas on a polyhaline and a mesohaline tidal flat, the macro-
fauna community depended on hydrodynamics, morphodynamics, grain size, elevation and
steep ness of the megaripples. The relative importance of the environmental variables for struc-
turing the macrofauna community differed for each site. Within the megaripples, conditions on
crests, at flanks and in troughs were distinctly different: crests had more chl a and coarser sed-
iment than troughs, while flanks had intermediate levels; troughs were higher in carbon and
mud content than flanks and crests. The microhabitats supported a different macrofauna com-
munity but with a very large overlap in species. Troughs typically had higher species richness,
while crests had higher densities of, in particular, (mobile) surface deposit feeders. Part of the
macrofauna could benefit from the habitat heterogeneity within the megaripples, but the effect
was relatively small. The distribution of macrofauna in the intertidal zone was particularly reg-
ulated by overall current velocities and bedform morphodynamics.
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2 m, are here referred to as megaripples following
Dalrymple et al. (1978) and Idier et al. (2004). They
are regarded as a class of the more generic term
subaquatic dunes (Ashley 1990, Passchier & Klein-
hans 2005). At very high flow rates, sheet flow
results in a flat upper-stage plane. Eventually, at
supercritical flow, anti dunes are formed. Thresh old
flow conditions for the successive transitions of bed
phases depend on sediment grain size and water
depth (e.g. Southard & Boguchwal 1973). The lat-
eral migration rate of the megaripples/dunes also
depends on flow conditions, sediment grain size
and water depth (e.g. Southard & Boguchwal 1973).
Bed dynamics pose disturbance to the sediment
(burial and erosion of sediment) and, hence, to the
inhabiting benthic macrofauna (e.g. Hinchey et al.
2006).
A limited number of macrofaunal species can sur-
vive continuous disturbance of the sediment because
these species show adaptation in behaviour, mor-
phology or life history patterns (Shepherd 1983, Lytle
& Poff 2004, Hinchey et al. 2006, van der Wal et al.
2017). Crests and troughs of bedforms of varying size
(ranging from ripples to megaripples, ridges and run-
nels, shoreface-connected ridges and sand waves)
have been found to have different abiotic conditions
(such as sediment grain size and organic matter con-
tent) but also to support different benthic communi-
ties (e.g. Barros et al. 2004, Baptist et al. 2006, van
Dijk et al. 2012, Zonneveld et al. 2014, Markert et al.
2015). This habitat differentiation, induced by hydro-
dynamic forces, may counteract the negative effect of
the stress of hydro dynamics and disturbance by dune
migration on species richness (e.g. Gingold et al.
2011). The outcome of these antagonistic effects is,
however, not known.
In this study, we investigated how hydrodynamics
and disturbance by bedform migration affect inter-
tidal benthic macrofauna distribution. We focused on
3 spatial scales. We tested whether different inter-
tidal mesoscale bedforms (e.g. low- or high-energy
flat areas, 2D and 3D megaripples) support a differ-
ent macrofauna community, using data from tidal
flats across the Westerschelde estuary. Subsequently,
in field surveys on 2 tidal flats, we investigated if the
macrobenthic community responds to hydrodynamic
forces, megaripple morphology and/or disturbance
by megaripple migration by comparing conditions
and macrofauna among megaripples. We then inves-
tigated if macrofauna is able to benefit from the habi-
tat differentiation within megaripples by testing
whether environmental conditions and macrofauna
differ between crests, flanks and troughs.
MATERIALS AND METHODS
Study sites
The study was conducted in the Westerschelde, a
coastal plain estuary in the southwest of the Nether-
lands (Fig. 1) characterised by a multiple channel
system with tidal flats. The estuary is macrotidal with
a semi-diurnal tidal regime. It has a full salinity gra-
dient and is typically turbid. The tidal flats of the
Westerschelde as a whole are studied in the first part
of the paper. Subsequently, 2 relatively sandy tidal
flats were selected to study the bedforms in detail:
Rug van Baarland, a tidal flat in the polyhaline zone
of the estuary (at 2 sites referred to as BAN and BAS),
and Plaat van Valkenisse, a tidal flat in the mesoha-
line part of the estuary (at a site referred to as VAL)
(Fig. 1). Model predictions of salinity under mean
river discharge conditions from a map produced by
Rijkswaterstaat demonstrated a mean salinity of 20
for Site BAN, 20 to 21 for Site BAS, and 13 to 14
for Site VAL. Transects sampled at Sites BAN, VAL
and BAS were all ebb dominated, except for flood-
dominated transects BAS21, BAS22 and BAS23
(Fig. 1).
Macrofauna and conditions in intertidal bedforms
across the estuary
To assess the effect of bedforms on macrofauna
in the entire Westerschelde, information on the
geomorphology of the Westerschelde estuary was
derived from maps provided by Rijks waterstaat,
Dutch Ministry of Infrastructure and the Environ-
ment. In these geomorphological maps, the form,
reflection, colour, pattern and position of the inter-
tidal area is obtained from false-colour aerial pho -
tographs (ca. 1:15 000) and interpreted regarding
morphology of the bed, substrate, dynamics and
presence of epibenthic communities (saltmarsh,
oyster and mussel beds). Classification procedures
are described in de Jong (2012). In our study, of all
geomorphological units occurring in the Wester-
schelde, we only considered the bare sandy or
muddy tidal flats. Thus, hard substrate, peat, aeo-
lian dunes, unvegetated areas in creeks, chenier
shell ridges, mussel reefs, oyster reefs, water and
saltmarsh and remaining classes were all omitted
from further analyses (together labelled ‘other’ in
Table 1). Table 1 lists the categories with the area
they represent in the intertidal zone of the Wester-
schelde estuary.
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Maps of current velocity (i.e. maximum current ve-
locities during spring tide) were available from Rijks -
waterstaat with 20 m pixel resolution from numerical
modelling (ScalWest2000 model) based on bathymetry
(elevation maps) from 2008, 2010, 2011 and 2012, cali-
brated with data from July 2000 (Kers et al. 2013).
Macrofauna data (2007 to 2012) were used from the
Royal Netherlands Institute for Sea Research (NIOZ)
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Fig. 1. (a) Location of the study sites and 25 transects, Westerschelde estuary, The Netherlands; (b) details of the intertidal area
in a false-colour aerial photograph from 2011 (source: Rijkswaterstaat); (c) sampling scheme of a transect over a megaripple;
(d) megaripple dynamics from differential GPS measurements in the middle (in black) and end (in red) of April 2012 (transects
1 to 20) and beginning (in black) and middle (in red) of September 2012 (transects 21 to 25) at sites Rug van Baarland (BAN,
BAS) and Plaat van Valkenisse (VAL) (see ‘Materials and methods: Study sites’ for explanation). NAP: Normaal Amsterdams 
Peil, ca. mean sea level
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database. In this data set, macrofauna sampling was
stratified by ecotope (i.e. MONEOS Ecotopen data
set for 2007 and 2008 and MWTL data set for 2009,
2010, 2011 and 2012). Within the ecotopes, samples
were taken randomly (thus, without distinction of
crests, flanks and troughs in mesoscale bed features).
For the present study, we considered only samples
collected in autumn to maximize comparability be -
tween samples. Sampling procedures were similar to
those applied to the transect experiments (see ‘Field
sampling and measurements on megaripples along
transects’). Of all samples, 705 samples were col-
lected in one of the 7 geomorphological categories
mentioned in Table 1. As there was only 1 observa-
tion in P1b, the P1b group was also omitted from fur-
ther statistical analyses.
In a GIS, polygon values from the geomorphologi-
cal map and raster values from the current velocity
and bathymetry maps were added to each of the
sample points for 2008, 2010, 2011 and 2012. As no
maps were available for 2007 and 2009, the 2007 and
2009 macrofauna data were linked to 2008 maps.
Analysis of macrofauna and conditions in intertidal
bedforms across the estuary
A univariate analysis was performed to evaluate
environmental conditions (current velocities and ele-
vation) and macrofauna indices for each geomorpho-
logical group. Since the geomorphological groups
had unequal variances for many of these variables
(as tested with Levene’s tests), non-parametric
Kruskal-Wallis tests were performed; when signifi-
cant differences were detected, a post hoc Dunn’s
test with Bonferroni correc-
tion for multiple compar-
isons was applied to identify
homogeneous groups for
that variable.
In addition, multivariate
ana lyses were performed
to test whether the geo -
morpho logical groups in the
Westerschelde estuary ac-
commodated a different ma -
cro fauna community. Multi-
variate analysis was carried
out using the software
 package PRIMER (Plymouth
 Marine Laboratory, Clarke
& Warwick 2001), based on
log-transformed biomass and
density [ln(x + 1)] of the ma crobenthos species. To
avoid ambiguity, the following rules were followed for
the multivariate analysis. Of 170 taxa, unknown taxa
and taxa that could not be identified at the genus level
were deleted for the multivariate analyses. In cases
where specimens of a genus were not all determined
to the species level, taxa were merged to the genus
level; spp. was added where multiple species were
observed in 1 genus, while the species name was put
in parentheses where only 1 species was identified
within a genus. For example, Capitella and Capitella
capitata were merged into a taxon named Capitella
(capitata) in our data set. Finally, rare species, occur-
ring in 1% or less of the stations, were deleted. After
this procedure, 49 macrofauna taxa remained in the
multivariate analyses. Similarity matrices were gener-
ated based on the Bray-Curtis similarity. Significance
of differences (p ≤ 0.05) in the macrozoobenthos com-
munity be tween the geomorphological groups was
formally tested using a 1-way ANOSIM in PRIMER.
The distinction between groups was quantified by
the non-parametric measure R, ranging from −1 to 1.
SIMPER analysis in PRIMER identified which species
contributed most to the distinction of groups.
Field sampling and measurements on
 megaripples along transects
Intensive field campaigns were carried out in 2011
and 2012 on 2 tidal flats (Fig. 1). At both Rug van
Baarland (BAN) and Plaat van Valkenisse (VAL),
2 areas were selected in high-energy megaripple
areas, each with 5 transects, ca. 25 m apart, ranging
from the high intertidal zone to the low intertidal
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Geomorpho- Description Area 
logical group (km2)
P1a1 Low-energy, flat, sandy tidal area 25.95
P1a2 Low-energy, flat, muddy tidal area 13.92
P1b Low-energy tidal area with low dunes (H < 0.25 m, L = 10−25 m) 0.28
P2a High-energy tidal area with low dunes (H < 0.25 m, L > 25 m) 3.38
P2b1 High-energy tidal area with 2D dunes (H > 0.25 m) 6.77
P2b2 High-energy tidal area with 3D dunes (H > 0.25m) 4.01
P2c High-energy flat tidal area 19.03
All other categories (‘other’) 38.27
Westerschelde estuary entire intertidal zone (2011) 111.60  
Table 1. Geomorphological groups studied, with area represented in the intertidal zone of
the Westerschelde estuary (obtained from geomorphological map of the Westerschelde
estuary, 2011). 2D: two-dimensional; 3D: three-dimensional; H: wave height; L: wave-
length. See ‘Materials and methods: Macrofauna and conditions in intertidal bedforms 
across the estuary’ for definition of geomorphological group ‘Other’
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zone, thus yielding 20 transects in total (Fig. 1b).
Each transect was oriented in the direction of the
dominant ebb flow and covered 3 sequences from
trough to flank (i.e. stoss slope) to crest (i.e. 9 sta-
tions), starting with the trough by definition (Fig. 1c).
Measurements at these 20 transects were carried out
in June 2011 (i.e. just after the typical recruitment
period of macrofauna), September 2011 (peak of
macrofauna biomass) and April 2012 (just before
main recruitment). For each campaign, a new set of 9
stations was defined along each transect. As the
megaripples migrated, absolute position of the 9 sta-
tions along the transect and length of the transect
thus varied between campaigns, whereas the posi-
tion and orientation of the transect remained the
same. In September 2012, 5 additional transects were
sampled on the southern side of Rug van Baarland
(BAS). These transects were wider apart (Fig. 1b) to
capture a wide range of hydrodynamic conditions,
ranging from the weakly dynamic transects BAS21 to
BAS23 to the highly dynamic BAS25. Note that at
Site BAS, not all transects were laid out in the direc-
tion of net dune migration; flanks could thus repre-
sent either the stoss slope or the lee slope (Fig. 1d).
At each station, 3 replicate cores with 8 cm diame-
ter were collected up to a depth of 30 cm; these repli-
cates were taken some centimeters from each other.
The material of the 3 cores was pooled and sieved
with a 1 mm sieve. Material >1 mm was stained with
Bengal rose and fixed in formaldehyde and was used
for the analysis of macrofauna (see van der Wal et al.
2008). Sediment was collected from the upper 3 cm of
the surface for granulometric analysis and from the
upper 1 cm for pigment analysis.
Currents were determined in the field for 2 spring−
neap cycles using Nortek AquaDopps current veloc-
ity profilers (broadband 2000 kHz, 10 min pings)
positioned at the first crest of a selection of tran-
sects, i.e. at BAN01, BAN03, BAN05, BAN06, BAN08
and BAN10 in June 2012, at VAL11, VAL13, VAL15,
VAL16, VAL18 and VAL20 in April 2012 and at
BAS21 to BAS25 in November 2012. From these
measurements, the maximum current velocities dur-
ing each tide were averaged over the 1 mo measure-
ment period.
At the same selection of stations, a sequence of
trough−flank−crest was measured with erosion pins
of ca. 50 cm in length with a ring set flush to the sur-
face. This ring moves downwards with erosion; the
distance between the top of the pin and the ring is
taken as a proxy for the deepest surface level in a
period of time, denoted by E. Since some erosion pins
were lost during the measurements, we used the
 erosion pins at the first crest to determine E. Both the
hydrodynamic and erosion pin measurements were
interpolated between transects for Sites BAN and
VAL (e.g. values for transect BAN02 were obtained
by averaging those of BAN01 and BAN03, see Fig. 3).
The absolute position and elevation Z of all stations
were measured at each campaign with a differential
GPS. In addition, topographic profiles were measured
with ca. 1 m interval. From these profiles, dune form
parameters were derived, i.e. wavelength L (dis tance
from crest to crest, 2 replicates for each transect),
wave height H (height between successive trough
and crest elements, 3 replicates for each  transect) and
dune steepness H/L (ratio of transect-averaged H
and L). Morphodynamics were quantified from the
topographic profiles (here linearly interpolated to a
0.1 m interval) measured ca. 2 wk apart. For each
point on a transect, the absolute difference in eleva-
tion of 2 successive elevation measurements was cal-
culated and averaged per transect as a measure of
vertical sediment dynamics |dZ |. The dune migration
rate |M | was calculated by comparing the lag of maxi-
mum cross-correlation of the sequential profiles in
this 2 wk period (cf. Larcombe & Jago 1996). The fol-
lowing periods were selected to calculate morphody-
namics: 13 to 25 April 2011 (BAN01 to BAN05), 13 to
26 April 2011 (BAN06 to BAN10), 12 to 23 April 2011
(VAL11 to VAL15), 12 to 24 April 2011 (VAL16 to
VAL20), 4 to 19 September 2012 (BAS21 to BAS25).
The high-energy transect BAS25 had only moderate
cross-correlation, while the erosion pins re vealed sub-
stantial vertical change, suggesting either a change
in dune shape or aliasing (migration distance exceed-
ing the dune wavelength).
In the laboratory, sediment grain size samples of
the transects were freeze dried, and the material was
analysed using a Malvern laser particle sizer (Mas-
tersizer 2000) to derive values for median grain size
d50 (µm) and mud (percentage particles <63 µm).
Organic carbon (%) was determined for a selection of
stations (see van der Wal et al. 2017 for methods).
Pigments were extracted and quantified using HPLC,
and chl a was identified by a comparison of peaks
and retention times with available standards (see van
der Wal et al. 2008).
Animals from macrofauna samples were identified
in the laboratory under a dissecting microscope and
counted at species level where possible. Density
was expressed in individuals per square meter. Frag-
mented animals were counted as 1, and only the
heads of fragmented polychaetes were counted. Ani-
mals were dried at 80°C for 2 d, then at 100°C for 1 d
and then were ashed for 2 h at 580°C to determine
21
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biomass (ash-free dry weight, in mg m−2). Biomass of
bivalves was based on a regression line of dry weight
of individuals per length class. Feeding traits (i.e.
 surface deposit feeders, deposit feeders, suspension
feeders, omnivores, carnivores/predators, herbivores
and other) of taxa were obtained from the NIOZ
database. To calculate taxon richness S for each sam-
ple (as a relative measure of biodiversity), the genus
level was only counted when the species level was
not present, and the family level was only counted
when the species or genus level was not present in a
sample. To meet or approach homogeneity of vari-
ance, values for macrobenthic density and biomass
were transformed following ln(x + 1) and denoted by
lnden or lnbio, respectively.
Analysis of macrofauna and conditions among
megaripples (transects)
Multivariate analysis of the macrofauna community
of the transect data was performed following the same
protocol as with the MWTL data from the entire inter-
tidal zone of the Westerschelde. In total, 92 taxa were
recorded in the macrofauna community data. After
pretreatment of the macrofauna community data (see
explanation in previous paragraph), 36 taxa remained
for density and 35 taxa remained for biomass for tran-
sect data in the multivariate analyses. The 10 most
common taxa were shown to make up the bulk of total
macrofauna density and biomass (see Fig. 4). Similar-
ity matrices were generated based on the Bray-Curtis
similarity index in PRIMER. Conditions (elevation,
chlorophyll content, mud content, median grain size,
height of the megaripple, wavelength of the megarip-
ple, steepness of the megaripple, elevation dynamics,
maximum erosion at the crest, migration rate of the
megaripple and current velocity) were averaged per
transect and normalized per site (BAN, VAL, BAS). A
Spearman rank correlation with permutation test (99
permutations, p < 0.05 significance level) to correlate
the transect-averaged macrofauna community with
the environmental variables, applying a Euclidean
distance matrix, and a stepwise search of environ-
mental variables (BVSTEP routine in PRIMER) were
applied for each site separately.
Analysis of macrofauna and conditions at troughs,
crests and flanks of megaripples
The differences in macrofauna community among
bedform elements (trough, flank and crest) were
studied using the multivariate data in PRIMER. A 
2-way crossed ANOSIM with the factors transect
and megaripple position (trough, flank, crest) was
applied to the Bray-Curtis similarity matrix based
on the station data sampled in September to test the
relevance of dune position when taking into account
the differences between transects (for Sites BAN,
VAL and BAS). An ANOSIM was also applied to all
station data with the factors seasons (where avail-
able) and position, to test the relevance of megarip-
ple position relative to that of season, for each site
separately.
The differences in macrofauna and environmental
conditions among bedform elements were further
tested with univariate general mixed modelling
(lme in R). With the data collected in September, we
tested whether the variation in macrobenthos and
environmental variables depended on the categori-
cal (fixed-effect) predictor position (3 levels: trough,
flank, crest), with the random effect transect nested
in site. With the seasonal data collected at Sites
BAN and VAL only, we tested whether the variation
in macrobenthos and environmental variables
depended on the categorical (fixed-effect) predictors
season (3 levels: June 2011, September 2011 and
April 2012) and position (3 levels: trough, flank,
crest), and their interaction, and the random effect
transect nested in site.
RESULTS
Macrofauna and conditions in intertidal 
bedforms across the estuary
Data from the entire intertidal zone of the Wester-
schelde estuary encompassed a wide range of hydro-
dynamics and bedforms. An increase in macrofauna
density, biomass and species richness with decreas-
ing current velocity and increasing elevation was
apparent, but with considerable scatter (Fig. 2). Low-
energy flat areas (groups P1a1 and P1a2, see Table 1)
had the lowest current velocities and the highest
average log-transformed density, log-transformed
biomass and taxon richness of macrofauna (Table 2).
Based on modelled current velocities, the high-
energy flat areas are positioned between the low-
energy flat areas and the high-energy dune areas.
Thus, these areas likely do not represent upper-stage
plane conditions. Corresponding to their inter -
mediate hydrodynamic regime, the high-energy flat
areas also accommodate an intermediate macro-
fauna richness.
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Log-transformed density, biomass and species rich-
ness differed significantly among geomorphological
groups (Kruskal-Wallis tests, p < 0.05). However, the
gradual reduction in macrofauna density, biomass
and species richness in high-energy areas (going
from flat areas to low (gently undulating) dunes, to
high 2D dunes, to high 3D dunes) was typically not
significant among bedforms (Kruskal-Wallis and post
hoc Dunn’s tests for multiple comparisons; Table 2),
although species richness differed between high-
energy flat areas and high-energy 2D dunes.
Differences in macrofauna community between
the 5 geomorphological groups were significant
(ANOSIM, global R = 0.211, p = 0.001); all pairs also
significantly differed in community, except for the
low-energy flat sandy or muddy areas (P1a1 versus
P1a2, p > 0.05), high 2D or 3D dunes (P2b2 versus
P2b1, p > 0.05) and high-energy high 2D dunes or
high-energy low (gently undulating) dunes (P2b1
versus P2a, p > 0.05). The low-energy muddy group
(P1a2) stood out most in community composition
compared to the 3 high-energy groups (all pairs R >
0.8, p = 0.001). In the 2 low-energy groups, Coro -
phium (spp.), Heteromastus filiformis and Limecola
balthica contributed most to the similarity within a
group (Table 2). In the 2 high-energy groups with
high dunes, Bathyporeia (spp.) and H. filiformis con-
tributed most to the similarity. Both P2a (high-energy
undulating) and P2c (high-energy flat) had an inter-
mediate benthic community. They significantly dif-
fered in community from each other (R = 0.285, p =
0.001): P2c contained higher abundances of H. fili-
formis, Bathyporeia (spp.), L. balthica, Corophium
(spp.), Pygospio elegans and Peringia ulvae but less
abundance of Scoloplos armiger and Nephtys (spp.),
together contributing to over 50% of the dissimilarity
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Fig. 2. Log-transformed density, biomass and species richness of macrofauna (autumn 2007 to 2012) against modelled maxi-
mum current velocities (spring tide) and elevation for selected classes of geomorphology (bare intertidal mudflats and bare
intertidal sandflats only) in the entire intertidal zone of the Westerschelde estuary. Geomorphological groups are defined in 
Table 1. NAP: Normaal Amsterdams Peil, ca. mean sea level; LE: low energy; HE: high energy
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Variable Geomorphological group
P1a2: P1a1: P2c: P2a: P2b1: P2b2:
Low energy, Low energy, High energy, High energy, High energy, High energy, 
flat, muddy flat, sandy flat 2D, H < 25 cm 2D, H > 25 cm 3D, H > 25 cm 
(n = 109) (n = 330) (n = 193) (n = 22) (n = 32) (n = 18)
Condition
Vmax modelled (cm s−1) 27.3 ± 1.2a 39.9 ± 1.1b 59.29 ± 1.3c 58.73 ± 3.9c,d 76.38 ± 4.0d 66.72 ± 3.7c,d
Z (m NAP) 0.95 ± 0.10a 0.33 ± 0.69b −0.81 ± 0.63c −0.78 ± 0.20c −0.47 ± 0.16c −0.63 ± 0.19c
Macrofauna
Density (ind. m−2) 16363 ± 1734 12827 ± 867 4668 ± 444 3923 ± 947 2523 ± 1000 3329 ± 1930 
ln(Density + 1) (ind. m−2) 9.590 ± 0.0967a 8.654 ± 0.0911b 7.329 ± 0.0947c 7.141 ± 0.284c 6.368 ± 0.391c 6.335 ± 0.330c
Biomass (mg m−2) 22306 ± 2017 13466 ± 955 3516 ± 397 2822 ± 818 2250 ± 662 1535 ± 606
ln(Biomass + 1) (mg m−2) 9.312 ± 0.0877a 8.730 ± 0.0893b 7.503 ± 0.129c 7.443 ± 0.336c 6.197 ± 0.404c 6.775 ± 0.370c
Species richness 9.73 ± 0.30a 9.46 ± 0.20a 6.43 ± 0.22b 6.32 ± 0.73b,c 4.31 ± 0.49c 4.06 ± 0.59b,c
Community a a b c c,d d
Characteristic taxa Heteromastus L. balthica, H. filiformis, L. balthica, Bathyporeia Bathyporeia 
filiformis, Coro- P. elegans, L. balthica, Scoloplos (spp.), (spp.),
phium (spp.), H. filiformis Bathyporeia armiger, H. filiformis, H. filiformis
Nereis, Hediste (spp.), Coro- Nephtys (spp.) Nephtys (spp.)
diversicolor, phium (spp.)
Limecola balthica,
Pygospio elegans
Table 2. Mean ± SE of variables of geomorphological groups, ranked from high to low macrofauna taxon richness. Homogeneous
groups in univariate analyses (non-parametric Bonferroni-corrected Dunn’s post hoc test) and multivariate community analyses
(ANOSIM comparisons, based on log-transformed densities and biomass) are denoted by superscript letters. Taxa that contribute at
least 10% to the similarity in a geomorphological group are ranked from large to small contribution in the multivariate SIMPER
analyses (based on log-transformed densities). 2D: two-dimensional; 3D: three-dimensional; H: wave height; NAP: Normaal Amster-
dams Peil, ca. mean sea level; Vmax: maximum current velocity; Z: elevation
Transect Unit BAN (n = 10) VAL (n = 10) BAS (n = 5)
Mean Min. Max. Mean Min. Max. Mean Min. Max.
Density ind. m−2 1162 911 1526 5751 1711 9185 4304 778 6659
Biomass mg m−2 5729 2136 10384 4956 3241 8002 19715 1504 35328
S 6.40 5.22 7.67 7.92 5.78 8.67 8.38 4.67 10.11
Z m NAP −0.06 −0.38 0.24 −0.41 −1.06 0.02 −0.61 −0.97 −0.19
Chl a µg g−1 8.37 4.59 12.50 7.43 5.17 9.11 2.77 1.09 6.39
Organic carbon % 0.06 0.05 0.07 0.07 0.06 0.09 0.06 0.03 0.08
Mud % 0.08 0.00 0.49 1.43 0.69 2.20 2.48 0.11 5.81
d50 µm 249 241 257 220 206 232 221 206 245
H m 0.19 0.16 0.24 0.24 0.19 0.28 0.16 0.02 0.35
L m 10.61 7.86 15.03 14.27 10.03 17.79 15.76 4.05 29.28
H/L m m−1 0.02 0.01 0.03 0.02 0.01 0.02 0.02 0.00 0.05
|M| m d−1 0.14 0.01 0.22 0.05 0.01 0.08 0.11 0.00 0.24
|M| m (in ca. 2 wk) 1.75 0.10 2.60 0.59 0.15 0.90 1.64 0.00 3.60
|dZ| m (in ca. 2 wk) 0.05 0.02 0.10 0.03 0.02 0.05 0.05 0.01 0.11
E cm (in ca. 2 wk) 5.63 3.30 9.60 3.50 0.00 6.20 11.28 3.00 31.90
Vmaxavg cm s−1 57.08 53.35 59.57 59.70 55.08 63.76 63.21 53.88 81.95
Table 3. Mean, minimum and maximum of transect-averaged variables of macrofauna and environment for each site, includ-
ing macrofauna density and biomass, taxon richness S, elevation Z, chl a content of the sediment, mud content and median
grain size d50 of the sediment, height H, length L and steepness H/L of the megaripple, migration rate of the megaripple |M |,
elevation variation |dZ|, maximal vertical erosion E at the crest and average maximum current velocity Vmaxavg.  NAP: Normaal 
Amsterdams Peil, ca. mean sea level; BAN, BAS: Rug van Baarland sites; VAL: Plaat van Valkenisse site
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between the groups. Similar results in macrofauna
communities between geomorphological groups
were obtained based on the log-transformed biomass
of taxa (ANOSIM, global R = 0.204, p = 0.001;
Table 2).
Macrofauna and conditions among 
megaripples (transects)
The transects over megaripples at the tidal flats
sampled in September (either 2011 or 2012) encom-
passed a range of conditions (Table 3, Fig. 3). Tran-
sect-averaged wave heights of the bedforms varied
between 0.02 and 0.25 m, and average wavelengths
of the bedforms varied between 4.05 and 29.28 m
(Table 3).
The macrofauna community in September differed
among the samples at the 3 sites (BAN, VAL and
BAS) (ANOSIM, global R = 0.664, p = 0.001 based on
log densities and global R = 0.649, p = 0.001 based on
log biomass of taxa) (see also Fig. 4). Therefore, cor-
relations between transect-averaged variables and
transect-averaged macrofauna community were
studied per site. Current velocity explained the
macrofauna community best at Site BAN (BVSTEP
analysis, ρ = 0.773 based on lnden and ρ = 0.678
based on lnbio). Steepness of the bedform H/L
explained the macrofauna community best at Site
BAS (ρ = 0.927 based on lnden and ρ = 0.964 based on
lnbio). A combination of conditions explained the
community best at Site VAL (ρ = 0.724 based on
lnden included elevation, mud content, bedform
migration rate and current velocity and ρ = 0.674
based on lnbio included elevation, mud  content and
migration rate).
Macrofauna and conditions at troughs, crests and
flanks of megaripples
Considering the macrofauna community sampled
in September using multivariate analyses, with
the factors transect and position (trough, flank and
crest), there is a pronounced difference in commu-
nity composition between transects across all posi-
tions (ANOSIM, global R = 0.667, p = 0.001 for log
density and global R = 0.641, p = 0.0001 for log bio-
mass). Across all transects, there is also a significant
effect of position (global R = 0.2, p = 0.001 for log den-
sity and R = 0.189, p = 0.001 for log biomass). Pair-
wise comparisons between positions were all signifi-
cant (all p < 0.05). Taxa typically contributed very
little (<10%) to the dissimilarity between troughs and
crests, crests and flanks, and flanks and crests; only
L. balthica and Arenicola spp. each contribute over
10% to the dissimilarity between positions, based on
biomass.
A 2-way crossed ANOSIM on the factors season
and position separately for Site BAN and Site VAL
based on log densities of taxa revealed that the
macrobenthic community varied more between sea-
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Variable n Effect df F p Post hoc Tukey’s test (geo)
Condition
Z (m NAP) 225 (Intercept) 1,198 4.896 0.0281
Geo 2,198 332.989 <0.0001 Crest > flank > trough
Mud (%) 225 (Intercept) 1,198 3.566 0.0604
Geo 2,198 26.656 <0.0001 Trough highest
d50 (µm) 225 (Intercept) 1,198 597.395 <0.0001
Geo 2,198 213.396 <0.0001 Crest > flank > trough
Chl a (µg g–1) 225 (Intercept) 1,198 13.597 3 × 10−4
Geo 2,198 41.649 <0.0001 Crest > flank > trough
Carbon (%) 126 (Intercept) 1,110 322.994 <0.0001
Geo 2,110 6.361 0.0024 Trough highest
Macrofauna
ln(Density + 1) (ind. m−2) 225 (Intercept) 1,198 305.852 <0.0001
Geo 2,198 10.850 <0.0001 Crest highest
ln(Biomass + 1) (mg m−2) 225 (Intercept) 1,198 971.314 <0.0001
Geo 2,198 2.855 0.06
Species richness 225 (Intercept) 1,198 157.519 <0.0001
Geo 2,198 9.326 1 × 10−4 Trough highest
Macrofauna feeding traits
ln(Density deposit feeders + 1) 225 (Intercept) 1,198 1050.548 <0.0001
(ind. m−2) Geo 2,198 2.421 0.0915
ln(Density surface deposit feeders + 1) 225 (Intercept) 1,198 52.932 <0.0001
(ind. m−2) Geo 2,198 4.333 0.0144 Crest > trough
ln(Density suspension feeders + 1) 225 (Intercept) 1,198 12.154 0.0006
(ind. m−2)
Table 4. Mixed-effects modelling of geoposition (trough, flank, crest) (with random factor transect nested in site) on conditions
and macrofauna for September data for Sites BAN, VAL and BAS. Tukey contrasts for significant (p < 0.5) position effects are
based on multiple comparisons of means. d50: median grain size of the sediment; df: degrees of freedom; geo: geoposition; NAP:
Normaal Amsterdams Peil, ca. mean sea level; BAN, BAS: Rug van Baarland sites; VAL: Plaat van Valkenisse site; Z: elevation
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sons (global R = 0.338, p = 0.0001 for Site BAN and
global R = 0.369, p = 0.0001 for Site VAL) than be -
tween troughs, flanks and crests (global R = 0.055,
p = 0.0001 for Site BAN and global R = 0.085, p =
0.0001 for Site VAL). Similar results were obtained
for ana lyses based on log biomass (all global tests p <
0.05). At Site BAS (September sampling available
only), differences between troughs, flanks and crests
were not significant, neither based on densities (global
R = 0.002, p = 0.398) nor biomass (global R = −0.004,
p = 0.490) of taxa.
Univariate mixed-effects modelling of the Septem-
ber data showed that sediment grain size was highest
at the crest, while mud and carbon content were
highest in the troughs (Table 4, Fig. 5). For Sites BAN
and VAL, seasonal data are available (Table S3 in the
 Supplement at www.int-res.com/articles/suppl/ m585
p017_ supp.pdf). Chlorophyll was highest at the crest,
whereas, again, mud and carbon content were high-
est in the trough, and grain size was lowest at the
troughs of megaripples. Thus, conditions were
 generally distinctly different for troughs, flanks and
crests. For the macrofauna sampled in September at
the 3 sites (BAN, VAL and BAS), log-transformed
density was found to be highest on the crest, while
taxon richness was highest in the troughs (Table 4,
Fig. 6). Surface deposit feeders were higher on the
crest than in the troughs. Suspension feeders were
almost absent in all transects and positions. Only in
the very weakly dynamic transects at site BAS was
there a considerable number of suspension feeders;
these transects also had the highest diversity. Of the
common taxa highlighted in Fig. 4, the univariate
analyses indicated no significant spatial segrega -
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tion in Aphelochaeta marioni, Arenicola sp., Capitella
(capitata), H. filiformis, L. balthica and Nemertea.
Crangon (crangon) had significantly higher densities
in the trough. Tellinoidea and Eteone spp. had higher
densities in the trough than at the flank. P. elegans
had higher densities in the trough than on the crest.
In contrast, Bathyporeia spp. had highest densities on
the crest, and Corophium spp. had higher densities
on the crest than at the flank (Tables S1 & S2 in
the Supplement). For Sites BAN and VAL, taking
into account all seasons, mixed-effects models also
showed segregation of macrofauna within the tran-
sects (Table S3). The log-transformed total density of
macrofauna was lowest at the flanks, while species
richness was higher in the troughs than at the flanks.
Log-transformed density of deposit feeders was high-
est in the troughs in June only.
DISCUSSION AND CONCLUSIONS
This study examined the role of hydrodynamics
and morphodynamics in the structuring of intertidal
benthic macrofauna. At the spatial scale of the tidal
flats across an entire estuary, the poorest macrofauna
communities (in terms of abundance, biomass and
species richness) were found in highly dynamic areas
with regular or irregular mesoscale bedforms, while
the richest macrofauna communities were found in
weakly dynamic areas, and highly dynamic flat areas
were  intermediate. This could largely be explained
by a negative effect of current velocities and a posi-
tive  effect of elevation on macrofauna. However,
there was a  superimposed effect of morphodynamics:
highly dynamic flat areas had a different macrofauna
community than highly dynamic areas with low or
high 2D dunes, under similar current velocities and
elevation.
Our estuarine-wide intertidal survey revealed that
Heteromastus filiformis occurred in all bare intertidal
areas (but was most abundant in the low-energy
 areas), Limecola balthica occurred in all but the most
mobile sites and Corophium spp. typically occurred
in the sandy low-energy sites. Bathyporeia spp. oc -
curred in all but the muddy sites. The macrofauna
communities in the megaripples of the Westerschelde
were typically dominated by taxa adapted to a mobile
environment. The ability of small-scale post-settle-
ment dispersal of macrofauna would in crease the re-
silience of species to react to the mobile environment
(e.g. Armonies & Hellwig-Armonies 1992, Günther
1992, Zühlke & Reise 1994, Norkko et al. 2001,
Grantham et al. 2003, Davidson et al. 2004). In field
and laboratory experiments, responses of macrofauna
species to burial vary as a function of their mobility,
living position and tolerance of anoxic conditions
(Hinchey et al. 2006, Bolam 2011). Epifaunal suspen-
sion feeders, borers and adult deep-burrowing
siphonate suspension feeders generally are unable to
escape more than 1 cm of burial (Kranz 1974). Indeed,
in our study sites, epifaunal suspension feeders were
rare, and infaunal suspension feeders were only
abundant in the weakly dynamic zones at Site BAS.
Sedentary deposit feeders, such as Aphelochaeta
marioni are also known to be sensitive to burial (Bo-
lam 2011), explaining their low abundance at Sites
BAN and VAL and the highly dynamic Sites BAS24 to
BAS25 and higher abundance at Sites BAS21 to
BAS23. In the Wadden Sea, Zühlke & Reise (1994)
found a reduction of Arenicola marina, Pygospio ele-
gans, Scoloplos armiger and oligochaete species in
re sponse to sediment mobility, while for example
Capitella capitata remained unaffected. In contrast,
Peringia ulvae is known to exhibit good migration ca-
pability, notably in sediments with low organic con-
tent (Bolam 2011). Kranz (1974) established that Ma-
coma nasuta was able to escape sedimentation at a
rate of >2 cm h−1, and Ensis directus could escape at
rates of >6 cm h−1, while burrowing rates of these
species were order(s) of magnitude larger. Bathy -
poreia spp. has a (surface) feeding behavior, high mo-
bility on the sediment, frequent benthic−pelagic ex-
change and breeding habit that allows survival in
dynamic conditions, as confirmed in our study.
The transect study also revealed significant differ-
ences in community between the sites studied in
detail. This may partly be explained by differences in
salinity. For example, Arenicola marina is largely
restricted to the polyhaline zone (Ysebaert et al.
2003), as found at Sites BAS and BAN. For some
other species, an explanation for the site differences
is less obvious, e.g. for Bathyporeia spp. A spatial
scale effect, where the community within transects
and within sites is more similar than that among sites,
may also have contributed to the differences be -
tween, particularly, Sites BAN and VAL.
When comparing among megaripples within each
of the 3 sites, the macrofauna community was af -
fected by strong current velocities, morphodynamics
(e.g. migration rate), coarse sediments, elevation and
steepness of the megaripples (H/L). Megaripple
steepness may be proportional both to the depth of
burial and erosion and to the frequency of distur-
bance and may therefore be a good proxy for distur-
bance. Factors best explaining the macrofauna com-
munity differed for each site. This may have been
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caused by the limited range in some of the environ-
mental variables in these highly dynamic areas (e.g.
current velocities at Sites BAN and VAL) and possi-
bly by the community traits of each site (e.g. more
surface deposit feeders at Site VAL).
Within the bedforms, the influence of small-scale
differences in habitat can have a pronounced effect
on the distribution of food resources and macrofaunal
species distributions. Ramey et al. (2009) demon-
strated that small-scale ripple troughs (sand ripples 5
to 15 cm in height) had higher zoobenthos densities,
but diversity was lower than on crests. Van Dijk
(2012) studied large sand waves (ca. 190 m in length,
ca. 2.6 m in height, migration rate ca. 2 m yr−1) in the
North Sea: the ridges were characterised by low-
density, low-diversity communities, while the troughs
were characterised by high-density, high-diversity
communities, and the flanks were in between. Bap-
tist et al. (2006) also observed a richer macrofauna in
the troughs than on the crests of subtidal sand waves
in the North Sea. Markert et al. (2015) found distinct
macrofaunal communities at the troughs, flanks and
crests of shoreface-connected ridges in the German
Wadden Sea, while Zonneveld et al. (2014) found
species segregation on a ridge and runnel system in
British Columbia, Canada. Similarly, spatial segrega-
tion due to microhabitat heterogeneity was demon-
strated in nematode communities in runnel and sand
bar systems (Gingold et al. 2011, Maria et al. 2013).
In our study, we examined intertidal megaripples
that were intermediate in size between the micro -
scale ripples and the large-scale subtidal sand waves.
Within such megaripples, we showed a clear segre-
gation in conditions among crests, flanks and troughs:
crests of megaripples had higher chlorophyll levels
and coarser sediment than troughs, while flanks had
intermediate levels. In  addition, troughs were higher
in carbon and mud content than flanks and crests. In
our study, migration rates of the megaripples were on
average 0.1 m d−1 (as measured over a 2 wk interval),
i.e. almost 20 times faster than those observed by van
Dijk et al. (2012) in sand waves of the North Sea bed,
however with less potential burial by deposition of
sand, as our megaripple wave heights were smaller.
We expected that mobile species would be best
adapted to benefit from habitat differentiation. Lev-
inton & Kelaher (2004) argued that localized inputs of
resources would lead to strong spatial heterogeneity
in macrofauna, but when mobile species dominate,
such patches are rapidly equalized (as they would
exhaust the patches and move on). In our dynamic
megaripples, animals have to cope with a constant
rearrangement of resources as a result of bedform
migration. In addition, they have to avoid or escape
burial or erosion resulting from lateral bedform
migration. We found the highest biodiversity of
macrofauna in troughs of megaripples, while total
density was highest on the crest. Troughs, flanks and
crests also supported a different macrofauna commu-
nity, but there was a very large overlap in species. As
in Baptist et al. (2006), segregation of the community
composition between crests, flanks and troughs was
less important than changes in community composi-
tion over the seasons. The mobile carnivore Crangon
(crangon) and Tellinoidea bivalves were most abun-
dant in troughs, which may have benefited from the
local water or food resources. Mobile surface deposit
feeding amphipod crustaceans such as Bathyporeia
spp. preferred the crests. Grant (1981) also found
greater numbers of burrowing crustaceans in ripple
crests than troughs, at least in the lower intertidal
zone. Some abundant species that did not show spa-
tial segregation, such as H. filiformis and C. capitata,
may have been able to cope with some degree of dis-
turbance, as was also clear from the estuary-wide
survey, but did not seem to benefit from the habitat
differentiation induced by the bedforms.
We conclude that macrofauna species could only
marginally benefit from the habitat differentiation in
megaripples, resulting in a very weak spatial segre-
gation in the macrofauna community and a slight
increase in the biodiversity of macrofauna in the
troughs of megaripples. Overall current velocities
and morphodynamics appear to be the most impor-
tant factors for the macrofauna community.
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